Recycling of valuable metals from spent lithium-ion batteries (LIBs) is desirable for resource recovery and environmental protection. In this work, hydrometallurgical recovery of valuable metals from spent LIBs was enhanced by the mechanical activation process. The leaching rates of both Co and Li increased dramatically with increasing the ball milling time, rotation speed and ball-to-powder mass ratio. The recovery of Co and Li increased with increasing the concentration of leachates, while the leaching rates of metals decreased dramatically owing to the decreased available surface area per unit volume of solution with increasing the solid-to-liquid (S/L) ratio. In addition, the leaching rates of Co and Li were both higher than those of the non-activated samples, indicating that mechanical activation process could enhance the metal recovery. Moreover, the leaching kinetics results showed that the mechanical activation process could alter the leaching behavior of valuable metals. Ultimately, the recovery of Co and Li from actual cathode materials disassembled from the spent LIBs was also explored. The leaching rates of Co and Li were 93% and 100%, respectively. This efficient mechanical activation process is of great significance for recovering valuable metals from the spent LIBs under mild conditions. 
1.Introduction
Lithium-ion batteries (LIBs) have drawn great attention and been extensively applied in modern electronic devices due to their superior performance such as high energy density, long cycle life, [1] [2] [3] [4] high voltage and low self-discharge. China as a populous and fastdeveloping country has become a vital manufacturer, supplier and consumer of LIBs. As such, an increasing number of LIBs will be discarded annually. According to the statistics, the discarding quantity and weight of LIBs can exceed 25 billion units and 500 5 thousand metric tons by 2020. Thus, the spent LIBs would pose a very specific threat, given that they contain a high percentage of [6] [7] [8] [9] dangerous electrolyte and metals. For instance, lithium cobalt oxide (LiCoO ) accounts for 27.5 w% in the cathode active materials of 2 LIBs. And 5-20 w% of cobalt (Co) and 5-7 w% of lithium (Li) contribute to the composition of the LIBs, which are higher than 10, 11 those in natural ores. Therefore, it is highly desirable to recycle valuable metals from the spent LIBs to alleviate the potential environmental pressure and shortage of rare metals.
Among the reported recycling methods of Co and Li from the spent LIBs, such as pyrometallurgy, hydrometallurgy or bio-5, [12] [13] [14] [15] hydrometallurgy processes, hydrometallurgy process gained world-wide attention due to higher metal recovery with good purity, low energy consumption and minimal gas emission. Generally, the cathode active materials of the spent LIBs were firstly pretreated by 10 discharge, mechanical separation, or thermal processes. The metals were then dissolved into solution via acid leaching process, and subsequently the target metals were recovered from the acid leachate and the final wastes via different processes, such as chemical precipitation, solvent extraction, electrochemical accumulation, etc. Acid leaching becomes a critical step for the recovery of valuable metals from the spent LIBs. The acid extraction of Co and Li from the spent LIBs is commonly conducted by using inorganic acids, [16] [17] [18] [19] [20] such as sulfuric, hydrochloric and nitric acids, among which higher recoveries of Co and Li were obtained through the leaching 21 processes with the hydrochloric and nitric acids. However, chlorine (Cl ) and NO are normally generated when hydrochloric and nitric hydrogen peroxide (H O ) can avoid the generation of toxic gases, 2 2 24-29 and also yield higher leaching rate of valuable metals.
Usually, H O , as a reductant during the acid leaching, can easily reduce 2 2 Co(III) to Co(II) in the spent LIBs, which is more beneficially 11, 30 solubilized than the unreduced moieties.
Nevertheless, for the leaching system of sulfuric acid, higher concentration of acid or its mixture with H O are necessary, as well as temperature higher than 2 2 24-29 60°C is needed, resulting in higher average costs and operational environmental risk, though. Consequently, an economic and environmental-friendly recycling process of Co and Li from spent LIBs is highly desirable. The mechanochemical process, based on the triggered physicochemical changes including phase transformations, structural defects, amorphization, and even direct reaction under normal temperature and pressure, has captured more attention for potential 31 applications on metal recovery. mechanochemical pretreatment for spent LIBs without any cogrinding materials to promote the extraction of valuable metals of Co and Li with lower acid concentration under room temperature has not been reported. In this study, the mechanochemical process without any cogrinding materials was used to improve the acid leaching of Co and Li from spent LIBs with lower acid and H O concentrations at room 2 2 temperature from spent LIBs. Lithium cobalt oxide (LiCoO ) 2 powders were selected to investigate the influences of mechanochemical parameters on the Co and Li extraction, including ball milling time, rotary speed, and ball-to-powder mass ratio. The physicochemical changes established by Microtrac particle size analyzer, scanning electron microscope (SEM), and X-ray diffraction (XRD) were used to give insights into the mechanism of the mechanical activation process. Furthermore, the effects of leaching factors on the recovery of Co and Li, such as the concentrations of leachates and the solid-to-liquid (S/L) ratio were also studied, based on which the influence of mechanical activation process on the leaching kinetics was examined. Ultimately, the actual scrap sample separated and concentrated from the cathode materials in the spent LIBs was also investigated. 
2.Experiments

Experimental Materials
Experimental procedures
The examined spent LIBs (with the model: BL-5J and the capacity: 1320 mAh) used in the NOKIA mobile phones were chosen in this study. The spent LIBs were first discharged completely by using sodium chloride aqueous solution to remove any remaining electrical potential capacity and then were dismantled to remove the plastic package and steel cases. During the dismantling, the cathode materials were collected after the removal of plastic films. To effectively dislodge the polyvinylidene fluoride (PVDF) binder between the cathode materials and aluminum foil recovered in its metallic form, the cathode materials were thermally treated at 600°C for 10 h. And then, the LiCoO powders were cooled down to room 2 temperature and then dissolved in aqua regia for nearly 60 min to obtain the metal contents which were measured using an inductively coupled plasma-atomic emission spectrometry (ICP-AES, iCAP-6300, TH ERMO, U.S.). The results indicated that Co and Li accounted for 72.6 w% and 6.9 w% of the total cathode materials.
The mechanical activation experiments were carried out in a planetary ball mill (CDI-EM60, Delixi Hangzhou Inverter Co., Ltd, China), comprising of four stainless steel pots with a volume of 100 mL containing balls with a diameter of 10.0 mm as grinding media. Prior to each experiment, certain aliquots were transferred to the reactor pots to obtain the desired amounts. After the milling, all the samples were collected and preserved in a drying vessel for the following characterization, as well as acid leaching.
All the batch leaching experiments were carried out in 40 mL certain aliquots of H SO solution and H O , filled into a conical flask where χ is the metal leaching efficiency; C is the mass 0 concentrations of metal ions in the leachate; V is the volume of 0 leachate; m is the mass of samples; and w% is the metal mass fraction.
Analytical methods
The concentrations of metals in leaching liquor were determined by an ICP-AES instrument. The particle sizes of the original and ball milled samples were respectively measured by a Microtrac particle size analyzer (MT3300, Tokyo, Japan). To figure out the variation of microstructures during milling, the samples were characterized by scanning electron microscope (SEM, JSM 6400, JEOL, Japan). Xray diffraction (XRD) was performed using an X-ray diffractometer (D8 ADVANCE, BRUKER-AXS Corporation, Germany) equipped with a Cu K radiation from 2θ =10-80° with a step of 0.02°. The full a width at half maximum (FWHM) of peaks, crystallite size and degree of disorder were calculated by Jade 6.0, and the degree of disorder developed during milling process was obtained from Eq.
where η is the degree of disorder, I is intensity of each crystal raw plane diffraction peak for raw samples, and I is the intensity of activated each crystal plane diffraction peak for activated samples.
Results and discussion
Evaluation of mechanical activation process
To evaluate the mechanical activation process for the improved leaching efficiency of Co and Li, the powders pretreatment by mechanochemical activation were examined ( Fig. 1) . The results showed that the recovery rates of leaching for 15 min increase significantly from 11.7% to 93.4% for Co and 12.3% to 90.3% for Li, respectively, indicating that the mechanical activation process has an extraordinary effect on the hydrometallurgical extraction of the valuable metals. Above all, the mechanochemical activation process renders the hydrometallurgical leaching reaction conditions to be more moderate than the previous traditional researches, such as with lower concentrations of leaching agents, shorter leaching time, and [24] [25] [26] [27] [28] [29] at room temperature, etc. The recovery rates increased significantly from 30.8% to 97.8% for Co and 40.7% to 92.5% for Li, respectively, with prolonging the ball milling time from 0 min to 60 min, and then hardly changed when the ball milling time was extended from 60 to 180 min, however, which might attribute to the particle size distribution change of the samples after milling. The particle size decreased significantly as the ball milling time was prolonged from 0 to 60 min. Whilst, as the milling time gradually extended to 180 min, the fraction with smaller particle size of samples was reduced, and the fraction with large particle size showed an upward trend. This indicated an agglomeration of small particles (Fig. 2b) , that commonly appeared during dry grinding. It could be explained by the agglomeration of structurally modified particles following the 37 initial reduction of particle size. Furthermore, the SEM observations of the samples after mechanical activation for different milling time also illustrate the variation of particle size (Fig. S1 ). The morphology of LiCoO powder changed drastically after mechanical 2 activation, and much rougher surfaces of the samples and a significant reduction of the particle size could be observed with increasing the grinding time from 0 min to 60 min ( Fig. S1a-d ).
However, a slight agglomeration of small primary particles can be seen after 120 min and is consistent with the aforementioned particle size analysis (Fig. S1e&f ).
In addition, the results revealed that the peak intensity of the activated samples decreased, and the full width at half maximum (FWHM) of all peaks was also broadened dramatically with the increase of the ball-milling time (Fig. 3) , indicating that the crystal structure of the particles was destroyed and gradually transformed to an amorphous state due to the friction and impact during grinding 35, 38 process. Furthermore, both the changes of the crystallite size and the degree of disorder also reflected that the LiCoO crystal was 2 subjected to crushing and became amorphous. Fig. 3a&b present that the crystallite size, whether 003 or 104 crystal planes, decreased with prolonging the activated time. After ball milling treatment for 60 min, the crystallite size of 003 and 104 crystal planes decreased from more than 1000 nm to 525 nm and 115 nm, respectively. Moreover, Fig. 3c illustrates that the degree of disorder became higher with increasing the milling time from 0 to 60 min, and hardly changed when the grinding time was over 120 min, which is consistent with the aforementioned results obtained from particle size distribution and SEM analyses. In short, the LiCoO crystal became amorphous 2 and had more crystal defects after the mechanical activation process, which might be beneficial for the leaching of Co and Li. Above all, the particle size would decrease to a limit and the crystal structure would also suffer from crushing and abrasion 39 continuously with prolonging the grinding time, which was the reason that the recovery rate increased distinctly as the activated time prolonged from 0 min to 60 min. Despite of the slight agglomeration after the ball milling treatment of 180 min, the 
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that both changes of particle size and crystal structure play dominant roles in the improved extraction of Co and Li under moderate conditions by the mechanical activation process. Considering the energy consumption and recovery rates, the milling time of 60 min was selected as an optimum condition for the following experiments, at which a higher recovery of 97.8% for Co and 92.5% for Li obtained.
Effect of rotation speed
As is known, the magnitude of the force depends on the milling speed during the mechanical activation process, that is a higher speed provides larger force to almost completely destroy the material 40 particles. Fig. S2a shows that the recovery rates increased sharply from 30.8% to 97.8% for Co and from 40.7% to 92.5% for Li, respectively, as the rotary speed increased from 0 rpm to 650 rpm. Then, the recovery rates of Co and Li increased insignificantly with the ball milling rotary speed increased to 700 rpm. Fig. S2b represents the particle size distribution of the activated samples at different rotation speeds, which might be in accordance with the above experimental results. A significant decrease of particle size with increasing the rotation speed could be attributed to the fact that the kinetic energy generated by the series of collisions among balls 41 was transferred to the samples. Nevertheless, with the continuous increase of the ball milling speed, the LiCoO particles appeared 2 aggregated to some extent, attributing to the localized plastic deformation at the contact area of the adjacent particle with the sharp increase of Van der Waals force, leading to the particle size 41, 42 decreased to a critical value. As such, higher rotation speed can result in smaller particles, promoting the improved leaching of Co and Li, and much higher speed can lead to aggregation of secondary smaller particles, weakening the leaching of valuable metals. Furthermore, the changes in morphology and crystalline structure of the samples were evaluated by SEM characterization (Fig. S3) and XRD (Fig. S4) , respectively (The detailed analysis was shown in SI.); and the obtained results were in accordance with the above analysis of the particle size distribution (Fig. S2b) , supporting the results that the recovery rates of Co and Li were higher at the rotation speed of 650 rpm (Fig. S2a). 
Effect of ball-to-powder mass ratio
The ball-to-powder mass ratio plays an important role during the ball milling treatment process, for which an inappropriate ball-to-powder mass ratio would lead to an unnecessary energy loss and weaken the 42 ball milling capacity. Fig. S5a shows that the recovery rates of Co and Li all reached maximum values of 100% and 93.8% for Co and Li, respectively, at the ball-to-powder mass ratio of 85 : 1, and the extraction of Co and Li increased insignificantly when the ball-topowder mass ratio varied from 85:1 to 125 : 1. Fig. S5b presents that the particle size decreased dramatically and the size distribution became wider with increasing the ball-to-powder mass ratio, owing to that the increase of ball-to-powder mass ratio contributed to the increase of frequency and intensity of sheer and collision between 41 the grinding medium and samples. However, with the ball-topowder mass ratios enlarged from 85 : 1 to 125 : 1, the aggregation of activated sample particles appeared and the fine particles (0.1 μm to 1 μm) were decreased (Fig. S5b) , supporting the above results (Fig. S5a) . Besides, the detailed analysis of SEM (Fig. S6) and XRD (Fig. S7 ) presented in SI also support the aforementioned results (Fig. S5) .
In conclusion, the enhancement of hydrometallurgical recovery of valuable metals from spent lithium-ion batteries could contribute to the significant reduction of particle size, morphology defects, and destruction of crystal structure of the activated samples induced by the mechanical activation process.
Effects of leaching factors 3.3.1. Effect of H SO concentration 2 4
From Fig. 4a , it can be noted that the increasing concentration of H SO could enhance the recovery rates of Co and Li from the non- The chemical bond between cobalt and oxygen is strictly strong, leading to difficult acid leaching of LiCoO powders. However, when 2 the added H O ranged from 0 to 6 vol.%, the leaching of Co from 2 2 the non-activated samples increased from 34.2% to 69.3%, owing to that the evolved oxygen from the decomposed H O could convert 2 2 Co(Ⅲ) to Co(Ⅱ) which could be easily dissolved into the acid 10, 43 solution (Eq. 3). In comparison, with the addition of same concentration H O , the leaching rates of Co and Li from the 2 2 activated samples were both distinctly higher than those of the nonactivated samples. As is shown in Fig. 4b , with the H O 2 2 concentration of 2 vol.%, the leaching rates of Co and Li from the activated samples sharply increase to 100% and 93.8%, respectively, which might be caused by the decline of the sample particle sizes and destruction of the crystal structure induced by the mechanical activation process. In addition, the extraction rate of Co increased nearly 1.3-fold from the non-activated samples and 2.7-fold from the activated samples when the added H O increased from 0 vol.% to 2 2 2 vol.%, whereas the leaching rate of Li was only about 1.0-fold from both the raw and the activated samples. The results are consistent with the facts that the leaching efficiency of Co was dependent on the H O concentration, and the leaching efficiency of Li was Fig. 4c presents the effect of the S/L ratio on the leaching rate. For the samples without mechanical activation, the leaching rates of Co and Li decreased gradually with the increase of S/L ratio, attributing to the decrease of the available surface area per unit volume of the solution. However, when the S/L ratio was between 5 and 20 g/L, no significant variations were observed for the extraction of Co and Li; and when the S/L ratio was 20 g/L, the leaching rates of Co and Li were around 100% and 93.8%, respectively. Nevertheless, with further increasing the S/L ratio, the leaching rates of Co and Li decreased sharply. In industrial applications, a higher S/L ratio was considered to be favorable for the recovery of valuable metals; however, even higher S/L ratio would result in a lower leaching efficiency. It is worth noting that the much higher extraction of Co and Li from the activated samples could be obtained with the same S/L ratio, probably due to the decrease of the particle size, variation of the morphology and disruption of the crystal structure. Considering the lower chemical consumption and relatively higher recovery rates, the optimal S/L ratio of 20 g/L was chosen for the leaching of Co and Li from the samples activated by mechanochemical treatment.
Effect of S/L ratio
Leaching kinetics
The above studies suggested that higher recovery rates of Co and Li from the activated samples could be obtained under the moderate conditions of 1 M H SO , 2 vol.% H O and room temperature,
which proved that the mechanical activation process was an effective enhanced technology. Given that the H O concentration had slight 2 2 influence on the leaching of Li, the leaching kinetics were investigated based on the leaching results of Co and Li with various concentrations of H SO rather than H O under different leaching   2  4  2 2 time to reveal another new insight of the mechanical activation process (Fig. 5a-d) .
The selection of a kinetic model for the leaching results of Co and Li from the non-activated samples was obtained using Sharp's 45 method of reduced half time of reaction (Fig. S8) .
here χ is the recovery rates of Co and Li; t is the metal leaching time; t is the time to reach χ = 50%, while constant A depends on a 0.5 function F(χ).
Obviously, Fig. S8 shows that the curve of non-activated samples approximates to the kinetic function (k is the reaction rate constant), which means that the equation could be used for linearization of the leaching results of the non-activated samples (Fig. S9) . Just reported, this kinetic model is a mixed control one, 46 i.e., chemical surface reaction and diffusion. The kinetic function is in fact the equation of Kazeev-Eofeev: , 47 for the conditions of n = 1. Parameter n, determining the reaction rate controlling step, is close to 1, suggesting that the chemical surface reaction is a control step, whereas with medium and small 46 value of n (i.e. n ≤ 0.5), the reaction rate is diffusion controlled. The parameter n was calculated via Eq. based on the results in Fig. 5a&b. Fig. S10a&b shows that the plots of ln[-ln(1-χ)] versus lnt for the leaching of Co and Li from the non-activated samples under different concentrations of H SO , and the quality of the fit is 2 4 quite consistent with the average square of correlation coefficients 2 (R ) of 0.9951 for Co and 0.9895 for Li. Then the parameter n was determined from the slope of these straight lines and provided in Table 1 . It shows that the values of parameter n were all close to 1 with H SO concentration ranging from 0.5 to 3 M. This result 2 4 suggested that the leaching of Co and Li from the non-activated samples was dominantly chemically controlled within the leaching time of 60 min. Nevertheless, the value of parameter n dramatically decreased to 0.787 with a H SO concentration of 3 M. The 2 4 decreasing trend indicates that the reaction rates started to decrease, and controlled by diffusion through the product layers besides chemical surface reaction or even solely controlled by diffusion, with 46 a continuous increase of the H SO concentration. Therefore, we 2 4 speculated that with increasing the H SO concentration, the 2 4 chemical surface reaction rate at the initial stages was faster and expedited the leaching reaction. In order to figure out the variation of the leaching kinetics after the mechanical activation process, some parameters of a kinetics model were also calculated to identify the dominant reaction step of the leaching for activated samples. Fig. S11 shows that these nine kinetics models using Sharp's method including the above selected model χ did not fit the leaching data of the activated -ln(1-)=kt samples well. Hence, it needs to choose another kinetic model to analyze the experimental results of the milled samples. As reported, 48 Kondo et al. have classified a reaction process based on the parameter N using the Jander equation (Eq. 5).
Co and from 70.8% to 93.8% for Li, respectively, when the H SO 2 4 concentration increased from 0.2 to 1 M (Fig. 4a) . The main reason for the significantly enhanced exaction of valuable metals from the activated sample might attribute to the decrease of the samples particle sizes, the variation of the morphology and the destruction of the crystalline structure, which were induced by the mechanical activation process. Concentration of
Non-activated samples Activated samples were calculated and shown in Table 1 . The values of parameter N were all more than 2, supporting the above conclusion that Equation
did not fit the experimental data of activated samples using Sharp's method. the speculation that Phase Ⅰ and Phase Ⅱ had ended after the 10-minute leaching and Phase Ⅲ started thereafter. In comparison, for the non-activated samples, the leaching rates of Co and Li were controlled by the chemical surface reaction during the entire leaching process within 60 min. As such, it proved that the mechanical activation process accelerated the dissolution of LiCoO samples via changing the leaching kinetics. 
Cobalt and lithium extraction from spent LIBs
where N is an indicator of the reaction stage.
For N ≤ 1 (i.e. Phase Ⅰ), the reaction is controlled by the chemical surface reaction, and when reaction is controlled by the diffusion of reactants through a layer of porous reaction products for 1 < N ≤ 2 (i.e. Phase Ⅱ). And if N > 2 (i.e. Phase Ⅲ), the reaction would be controlled by the diffusion of reactants through a layer of 48 dense reaction products. It is worth noting that one of the above nine kinetic models (i.e. χ ) obtained using Sharp's 1/3 2 [1-(1-) ] =kt method was given by Jander for the condition of N = 2, which did not fit the leaching data of the activated samples (Fig. S11) . This result indicated that the leaching rate of the activated samples might be controlled by the chemical surface reaction at the initial stage or the diffusion at the mid-to-late stage through the dense products layer. In addition, Fig. 5c&d illustrated that the mechanical activation process contributed to the obvious dissolution of the samples, compared with the non-activated samples. For example, as the leaching time prolonged to 10 min, the recovery rates of Co from the non-activated and activated samples were 6.58% and 93.25%, respectively. Thus, we could speculate that the Phase Ⅰ and Phase Ⅱ had been completed within the leaching time of 10 min and the leaching reaction for Phase III was controlled by the diffusion at the mid-to-late stage through the dense products layer (N > 2) with the leaching time ranging from 10 to 60 min. This was different from the non-activated samples.
Above all, the leaching rates of Co and Li from pure LiCoO 2 powders after mechanical activation achieved up to 100% and 93.8% under the conditions of 1 M of H SO and 2 vol% of H O at room   2  4  2 2 temperature, which were milder than the leaching conditions [24] [25] [26] [27] [28] [29] reported in the previous research. However, it is worth verifying the effectiveness of the enhanced process for the recovery of valuable metals from the spent LIBs. The results showed that the recovery rates of Co and Li were increased significantly from 58.1% to 93.4% and from 81.3% to 100%, respectively, after the mechanical activation process (Fig. 6) . Therefore, it proved that the mechanical activation process was an effective approach to pretreat the spend LIBs for higher hydrometallurgical extractions of the valuable metals under mild conditions.
Conclusions
Mechanical activation process is feasible and meaningful to enhance the extraction of valuable metals from spent LIBs under mild conditions effectively instead of higher concentration of leaching agents and heating. The mechanism of increasing the leaching efficiency with increasing the ball milling time, rotation speed and ball to powder mass ratio was studied by characterizing the raw and activated samples. Both the decreased particle size and the destroyed morphology and crystal structure after mechanical activation contributed to the improved leaching efficiency of Co and Li. Besides, the high recovery rates of Co and Li could be obtained under mild conditions of 1 M H SO , 2 vol% H O and room 2 4 2 2 temperature. the leaching behavior of valuable metals was influenced by the mechanical activation process, resulting in an accelerated hydrometallurgical extraction of metals as analyzed by the leaching kinetics. Ultimately, about 93.4% Co, and 100% Li could be extracted from actual spent LIBs pretreated by mechanochemical process under mild conditions. Therefore, this mechanical activation process is considered to be an effective and environmental-friendly pretreatment approach for the recycling of spent LIBs.
